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Abstracf] Feasibility studies and manufacturing experience safe protection performance. The cross sectiohswo
on the GEM Magnet conductor are presented, including all options for the GEM conductor are shownFig. 1 anda
components - NbTi strand, cable, conduit manufacture, cable getailed descriptionof the conductor parameters and
pulling, and aluminum sheath application. rationale for the design are given in [1].

|. INTRODUCTION Il. M ANUFACTURE OF THE CONDUCTOR PROTOTYPE

The GEM Detector Magnet[1plannedto be built at the 1. rReD and verification programon the GEM Magnet

SSC, employedcable-in-conduit conductor. The innovativ%cluded a testf the conductoand joints in the GEM Test

featureof this conductor design, outer protectisbunt,was ~q (about 70 mof the conductorprior to the construction
never manufactured before at this size. of the GEM Magnet.

This paper discusses the experience gaingaring
manufacture of prototypes of the GEM Conductor and 5 gtrang

numerous feasibility studies. The main parameterf the strandare givenin [1]. The

Although the _GEMdDetcke)ctlgr W“rll no:] be built as ghe SSquirementsare wellwithin the industrial capability. The
project waderminated we believethatthe GEM Conductor strand for the GEM Test Coil was deliverely 1GC

design philosophy will be used other future projects as aﬁi

) i ) . vanced Superconductors, Inc. Sevgnaltotypesmeeting
highly stable conductor with good mechanical properties a specification were also manufacturdsy Bochvar

}& Institute, Moscow, Russia.

B. Cable

The cable isfully transposed, 4-stagéght-handtwisted,
madeof 450 strands.The cablingpatternis 6x5x5x3. The
final cable is wrapped with 304 SS tape 0.05 mm thick with a

< | 40-50% overlap. Cable weight per 1.2 km long piece is about
conduit 1920 kg. The last stagef cabling was the most difficult
e becausef the heavyweight of the spoolsandalsobecausef
ST " the unstable configurationf 6 subcableslt was solved
differently at New England Electric Wire, where round

Figure 1.Crosssectionof the GEM Conductor Dimensionsare inmm. Two  subcablesvere size(by a die,thenfixed by SS tapeand at

options shown: welded sheath (left) and coextruded (right) Kirs Cable, Russia where last stazg;@cablesvere preshaped
similar to [2] prior to final sizing.
Manuscript is received October 17, 1994, We studied the changef RRR in copperin composite

*Present address is PO Box 808,LLNL, Livermore, CA 94550 strandsduring cabling. Initial RRRwasin the rangeof 190-
* This work was supported by the U. S. Department of Energy under Contract
No. DE-AC35-89ER40486 and LLNL Contract No. W-7405-Eng-48.
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220. The degradation of RRR in the strand afsmh stagef 109 mbar*l/s. Welds were checked witbye penetrantfor
cabling was measured and the results are shown in Table durface cracksThenouter surface was finished for WrF the
weld. We did not try an eddyurrentinspection;eddycurrent

TABLE 1. was not avery sensitive NDEnN the past for cable-in-conduit
EFFECT OF CABLING ON COPPER RRR IN STRANDS [4,5]. Ultrasonic inspection was somewhat mpremising,
Conditions Samples RRRmin/RRR| RRR but needed more work t@nhancesensitivity [5]. Our
' measured | max average experienceshowedthat the material inhomogeneityin the
:2:: gdsst;%‘z j ﬁgﬁgg igg weld region did not allow to give clear flaws evaluation, at
after & stage 2 127/152 139 least on the levedf lessthan 10% of the wall thickness due
after 4rd stage 12 125/155 139 to the austenitic grain structure of the welds.
annealed, after cabling, 12 170/232 198 After the conduit was assembled, it was hydraustatically
short samples (2 cm) tested at a pressucé 240 bars for 1 hour with nimdication
after 4rd stage anneale( 6 169/176 171
40 cm long samples* of leaks or pressure decay.

* 4 hours at 225-248C
D. Pulling the cable into the conduit

It was found that there is avariation of RRR not only ¢ a5 known that pulling a cable inside the conduit was
among samples but along tfength of one continuous wire foasiple on several tens or evemundredsmeters lengths
after cabling. The finaannealingrestoresRRR of copper 10 5 6] Extensivefeasibility study of pulling a cable into a
the specificationrequirements,so whenvery high RRR  conquit has been performed [7] for the GEM Conductor
(>130) isspecifiedfor NbTi cables, the cabling needskie (1200m long). Presented below is a summary of these studies.
followed by a restoring anneal. The work was done on the Westinghouse cable for the LCT
. program,with similar wrap of the SS tapandwith SS tube,

C. Conduit providing 0.62 mmradial gap betweenthe cableand a

For the GEM Test Coil Conductor fabricatisre chose a conduit(in the GEM conductor case the gap was about 1.09
pull-through method, which promised bett@rsurancethat mm nominally). Weight peunit lengthwas comparable (17
the conduit will be leakight, as it dramatically reduces theN/m for LCT Westinghouse Cable, 15 N/m for the GEM
length of the weldsand eliminatespossibility of overheating cable). A 30 m long conduit was assembled from segments
NbTi which can cause degradation of titical current,and with mechanicalalignmenton the ODand chamfers at ID
allow good access for tests/inspections. The drawbatks with no welds.
approach is that a long length assembly line is needed. The first fourruns were standardand cable waseturned

We chose grade TP 304 material becauseof good backby pulling the cablein opposite directiorthroughthe
weldability. For better reproducibilityof the automated conduit. The 8 and &' runs were made with vibratiaf the
welding, requirementsfor the chemical compositiorof conduit by air hammers.Run 7 was done witlisopropyl
ASME Specifications SA-213 were amended as Al<0.01%alSohol used as dubricant wetting the cable as it was
within 0.006-0.007%, S+P <0.03%, becauseof lack of enteringthe conduit. Then 3 more vibration assistedins
penetratioron the samples with low S content [3]. The finalere performed with another cable. Resultsof the
ID of the conduit with a cable inside was 20 mm with a walleasurements for 4 first runs are shown in Table 2.
thicknessof 3.04 mm to take the quench presssaely.To  An observedincreasein the friction force is thought to
provide sufficient clearance for the cable (2&@35mm result from the damaged fahd/orloosening the cable. The
OD) pulling and relatively easy reduction by drawing 3™ test was done to see the difference betwieesliding and
througha die, seamless tubes were used for the GEM Tsatic frictionby stopping thepulling. No changein friction
Coil, 28.58 mm OD with 3.05 mm wall. forcewhen resumeulling wasobservedTiny metallic chips

Welding of the conduit segments was performedtwo and powder were seen on the SS tape, indicating some wear.
passes. The root pass was done using automatic orbital

GTAW tube welder with no filler wire. Second pass was done TABLE 2.
with automatic orbital GMAW tube weldebecauseérials to RESULTS OF THE CABLE PULLING TESTS
perform the. weld with GTAW qrbltal welder onlwgre Test No | Length of pull (m) | Pull load (N/m) | Friction coeff.
successfulwith 2.5 mm wall thickness but resulteich 1 305 10.64 0.63
apparent decrease of the wall thickness with 3 mm wall. 2 30.5 10.64 0.63

After welding the conduit was inspected visually both from|_3 18.3 18.67 110
inside with aboroscopeand outside thenthermally shocked L4 17.7 21.60 128

3 times with liquidnitrogen.No drop-in was allowed from S ]

the inside to ease thrulling operation. Afterwards, the butt TWO pull tests were done with vibratiasi the conduit. A
weld joint was helium leak checked with a fixture clamped 812!l Pneumatihammerimpactedwoodenblocks5x10 cm,
the outsideof the conduit with a leak sensitivity bettdran thatwere heldagainstthe middleof the first 6 m segmerdf



the conduit. When vibration was applied, the frictiaskefect in heat affected zone was about 0.25 mm, at least order
coefficient for the same cable used the previous testsof magnitudeworsethanin bulk tube. Afterwards thewere
dropped from 1.28 to 0.83n the nexttrial the same cableHe leak tested with sensitivity betttran5e-10 mbar*l/s and

was pulled 7.2 m without vibratioand then 6.7 m with all welds passed. Total amourdf butt welded joints
vibration; friction coefficients were 1.94 and 0.56, overdrawnduring manufacturingstudies was about 20 and

respectively. no damage to the joints during overdrawing was observed.
Wetting by isopropyl alcohol gave the frictionefficientof ~ Pressure drop measurements (2-10 bar pressure drop) at
1.49 which showed that it was not helpful. room temperatureshowed accordance with theoretical

After these tests, a new cable was used for vibratfotion factor forlaminarflow within 5-30% with better fit
assisted experiment3.his time vibration was providedy at lower bound.
two air hammerghroughthe aluminumbars attached to the
pipe at 6and12 m from the tubélet. Three sequentialuns F. Aluminum sheath assembly
showed friction coefficients of 0.36, 0.57and 0.64. This Ty options formanufacturingof the aluminum sheath
clearly indicatesthatvibration is avery simpleandeffective \ere pursued weldedfrom two symmetrical profiles and
means to reduce the friction coefficient. coextruded over the conduit (Fig. 1). Theelded sheath
A wear study was doriey pulling the cable backndforth  4ption wasemployedfor manufactureof the 75 m long GEM

to simulate 1134 nof the sliding. These conditions arén Test Coil, while extrusiofieasibility studies wereindertaken
fact more sever¢han for unidirectionalpulling. Localized y caples Cortaillod, Cortaillod, Switzerland.

wear wasobservedbut no copper was visiblthrough the
foil. The most relevant measuremefithe frictionforcewas E1. Welded on sheath
doneduring the pulling of 75 m cable inside the conduit for
the GEM Test Coil. The pulling force was 7lllwhich gives
a friction coefficient of 0.6 which is only slightly highttran

stainless steelagainst stainless steel frictioncoefficient . .
9 long each were leatight with betterthan1e-9 mbar*l/s leak

(0.55). ;
rate, which showedthat Al sheathweld can be made leak
So, for roughly 1200 nof the GEM fulllength conductor 'ght. No noticeable crack growth was detected after

. . : i
with 20 kN weight we can expect that the pulling force wo tlh . S
not exceed13kN or 70 MPa which is not dangerous eith%ergpr;r;c;;)tﬁ:gl%éht?msssmplmetweerBOO Kandliquid nitrogen

from the point _ofvlew of breakage or from affecting tRRR Electrical transition length betweenthe cableand the
of copper, whichstartsfor annealedoxygenfree copper at :
conduit was measured to be 0.38 m at room temperature.

around 130 MPa [8]. L . .
: . o .This indicatesthat in the eventf a quenchcurrentwill be
This showedthat pulling the GEM cable inside a Condu"ransferred to the sheath fast enough without riskof

should have been sad@mdfeasiblewith no risk forlengthsof :
overheating the cable.

1200 m. Fromstrengthconsiderations evepulling a 2 km ) .
. . Welding procedure wadeveloped,weldersand welding
cable looks feasible. Wear should be considered carefully for. e . : .
: equipment were certified, QC inspectors oversight provided.
longer lengths or heavier cables. o T
Nevertheless, after the conductor weldirgrinding and
GEM Test Coil winding the following defects were

disovered:

The CICC was compacted down to tspecified void 1 conduit was burnedhrough during the Al sheath
fraction of 38% by overdrawingthrougha die. Preliminary welding in several places.
testsshowedthatthe drawingforce was quite low - about 26 2 Thealuminumsheathieaked.In addition to several pin
kN [9]. Wall thickness after the overdrawing did not changg|esin the sheathweld it was permeable tde gasin many
andthe conduit elongated proportionally to the reducibn places due to porosity.
the cross section which impli¢isatwhen cable-in-conduit i This does not necessarily metimat the weldedsheathcan

reduced after the wholengthof the cable is encased, the fagot pe puiltsafely,but it showshatthe riskof this process is
endof the cable should not be restricted to allow the cable,ign.

slide inside the conduit. Otherwise the cable will be stretche
together with the conduit. Naignificant heating was F2. Coextruded sheath
observed during overdrawing (47in the cable).

A three pass GMAW welding process was established to
maintainthe temperaturén the cable spacbkelow 320°C.
Severalweldedsamples with perforated conduit aboute®t

E. Compacting the cable-in-conduit

: . . The temperaturef the aluminumin the deformation zone
A somewhat higher force during overdrawing was . :
: ; : reaches 400-55@C, depending on thearticular process,
measured in reducing the 75 m of the cable-in-corfduthe .
which causes a concern about damafjghe temperature

.GEM Test C.O'I - 40 kN but allso sh_owed that the OVerdr"j“N'Q(gnsitive NbTi. It was knowrthat directly aluminum clad
is feasible with a moderate size winch.

. . . cables could be produced witllegradationof the critical
After the overdrawing, the welds were visually Ir]Specuce:urrentof 5-7% or lessln the caseof the GEM Conductor
andUT tested. Nalefectwas found, buminimum detectable 0



we anticipated somewhat lower temperature but longer
exposure tahigh temperaturepecauseof the heavier cross
sectionand lower extrusion speedinother potential riskin 300+

potential consistencyof the geometrical dimensions. All

those issues were addresgedhe feasibility studies made at B 3

Cables Cortaillod. Y S
Two thermocouples per sample were inserted inside the 200 600 1000 1400 1800

conduit, about 75 mnapart,underneaththe stainless steel TIME, s

wrap andemperature measureldiringtheruns.The highest

temperature was recordeth the worst conditionsof Fig.2. Typical cable temperature profiles for coextrusion trials.

simulation of the emergency stop. Evehough this was 1) Thermocouple No.1 in the intentional stop trial; 2) Thermocouple No.2

extremelyrare event (once per several years), it was worth" 1€ Same run; 3) 0.1 m/min continuous run

while consideringkeepingin mind the very high costof the - gimensionalconsistencyand low temperaturein the cable

condgctor. !:Ig..2 sho_ws the temperature praffléhe typical during sheath application.

runs,including intentionalstop and one of the slowestruns

at 0.1 m/min. At the maximum speed.® m/min, maximum

temperature was 28%C. As it is known, 35®C for 10min

causes J degradationless than 5% (see for example[5]),

coextrusion at Cortaillod proved to be safe for all moofes

operation including emergency stop asin this case

temperature in the extrusion chamber falls fast enough.

(&}
this process is the coextrusion press stoppage. On the other . -
. . =
hand, advantagesof this method are lower costhigher % 200 L
reliability of having secondarycontainment around the > |
conduit, goodmechanicalcontact with the conduit, better {
a, 100[
=
=
=
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